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(57) ABSTRACT

Any number of Serial Peripheral Interface (“SPI”) flash
memory die may be stacked and packaged using any desired
multi-chip packaging technique to realize any one or combi-
nation of various capabilities such as low per-bit cost, high
density storage, code shadowing to RAM, and fast random
access for “execute in place” applications, while preserving
the advantages of the SPI interface. During device manufac-
ture, each of the stacked die is assigned a unique identifier or
“Die ID” relative to the other stacked die in the package.
During normal operations, the unique Die IDs are used by a
Die Select instruction to enable one of the stacked die to
respond to subsequent instructions on the SPI interface, while
disabling the other stacked die in the package from respond-
ing to subsequent instructions but for certain “Universal”
instructions which include the Die Select instruction. Con-
current operations by the stacked die are supported.

13 Claims, 4 Drawing Sheets

SPINOR FLASH MEMORY DIE

n

SPINOR FLASH MEMORY DIE

12

VCC

13

GND

0Lk
S —}-—
FOTDNO3 -

SPINOR FLASH MEMORY DIE

14

WPI02 <

]I (o —
O ——

i
|
!
|
i
i
!
|
i
i
!
SPINOR FLASH MEMORY DIE {
!
|
!
i
i
i
!
|
i
!



US 9,245,590 B2
Page 2

(56) References Cited

OTHER PUBLICATIONS
Winbond Electronics Corporation. W25NO1GV spiflash 3V 1G-Bit
Serial SLC Nand Flash Memory with Dual/Quad SPI & Continuous
Read, Revision B, Nov. 26, 2013. 69 Pages.

Winbond Electronics Corporation. W25Q256FV spiflash 3V 256M-
Bit Serial Flash Memory with Dual/Quad SPI & OPI, Revision F,
Oct. 16, 2013. 108 Pages.

* cited by examiner



U.S. Patent Jan. 26, 2016 Sheet 1 of 4 US 9,245,590 B2

E T
> j
§ » SPINOR FLASH MEMORY DIE ;
e 1 !

! > 1

5 - ;

| »
e E
TS » SPINOR FLASH MEMORY DIE |
§ $ » 12 §

R B
» |
g . < SPINOR FLASH MEMORY DIE ;
Vee | > L §
FARLTILS: *
o5 L 17 g SPINOR FLASH MEMORY DIE ;
HOLD/I03 < > 14 )
WP/I02 - . i
D] [[[O X R S —— ;
DIOT/[oJ T a—— 10,
[ — B ]
E > SPINOR FLASH MEMORY DIE |
§ > 21 !
a . §

a »
|
LT > SPI NAND FLASH MEMORY DIE ;
S 2 |
é g ;

i o
» i
g e » SPI NAND FLASH MEMORY DIE ;
voo 11| [+ . i
GND | il i
CLK ~d-t . |
TS ol 5 SPI NAND FLASH MEMORY DIE :
FOLD/103 < > 2 !
WP/I02 - i
][O} [ —— ;
DO/IOQ 2 ,



US 9,245,590 B2

Sheet 2 of 4

Jan. 26, 2016

U.S. Patent

¢ DI4

#— NO|LVHYIdO vy T 31q =

V1Vad | ¥SYH | VLiva | ¥SY 0 Sd v1vd ANQ ¢ §av § dy Sd dd Sd
) NOILvY3dO 3Svyd 0 41 ~—
NOILVYIdO Av3Y T 310 —=
V1vd | Sy 0 Sd v1vd ANQ ¢ Hav | dy Sd dd Sd
- NOILVY3dO ISVHI 0 JIq  woemeeeeeeilt

¢ DId

INJFNNOYY Al F1a

3003040 1037138 A1d




U.S. Patent Jan. 26, 2016 Sheet 3 of 4 US 9,245,590 B2

< DIE SELECT 60 >

CONTINUE INTERNAL
SELF-TIMED OPERATION, IF ANY
61

“DIE ID MATCH?
62

OPERATE IN FULL SPI INSTRUCTION OPERATE IN UNIVERSAL

SET MODE INSTRUCTION SUBSET MODE
64 66

( CONTIUE 68 )

FIG. 6




U.S. Patent Jan. 26, 2016 Sheet 4 of 4 US 9,245,590 B2

81 PACKAGE BODY 171

SPI FLASH MEMORY DIE
2

/\/ SPI FLASH MEMORY DIE
74

y ;/ j/q‘j THERMAL PAD 76
ARG

7”7

98 PACKAGE BODY 91

90 S

SPI FLASH MEMORY DIE
92

SPI FLASH MEMORY DIE \30\
94 a3

y ) THERMAL PAD 96 \\
” FIG. & i

" . PACKAGEBODY 101 112

SPI FLASH MEMORY DIE 114

102

SPI FLASH MEMORY DIE
104

p ; THERMAL PAD 106 \\\\ N
” FIG.9 N

107 108




US 9,245,590 B2

1

STACKED DIE FLASH MEMORY DEVICE
WITH SERIAL PERIPHERAL INTERFACE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to flash memory, and more
particularly to flash memory devices which use stacked
memory die and the Serial Peripheral Interface (“SPI”).

2. Description of Related Art

Serial flash memory has become a popular alternative to
conventional parallel flash memory. Serial flash memory pro-
vides many advantages, including small footprint packaging,
low pin-count, simplified printed circuit board layout, low
power consumption, performance comparable to parallel
flash memory, and reduced device and system-level costs.
The Serial Peripheral Interface (“SPI”) is widely used in
serial flash memory, and devices which are configurable for
single-bit SPI or multi-bit SPI, including multi-bit instruction
and/or address input and multi-bit data output, have become
particularly popular. The SPI interface has many advantages.
Single-bit SPI allows for broad compatibility, while multi-bit
SPI when combined with certain types of flash memory and
high clock speeds allows for fast “code shadowing to RAM”
and “execute in place” (“XIP”) code storage applications.
Additional information on single-bit and multi-bit SPI may
be found in, for example, U.S. Pat. No. 7,558,900 issued Jul.
7, 2009 to Jigour et al., and in various publications by Win-
bond Electronics Corporation, including Winbond Electron-
ics Corporation, W25Q256FV: spiflash 3V 256M-Bit Serial
Flash Memory with Dual/Quad SPI & QPI, Revision F, Hsin-
chu, Taiwan, R.O.C., Oct. 16, 2013; and Winbond Electronics
Corporation, W25N01 GV: spiflash 3V 1 G-Bit Serial SLC
NAND Flash Memory with Dual/Quad SPI & Continuous
Read, Preliminary—Revision B, Hsinchu, Taiwan, R.O.C.,
Nov. 26, 2013.

Serial flash memories typically are offered in densities
from 512 Kilobit to 1 Gigabit. However, the demand for
higher density serial flash devices at lower per-bit cost keeps
increasing. Monolithic silicon die at high density is feasible
but costly. Stacking of lower density die of the same type to
form a high density serial flash memory device is an alterna-
tive. With a density of 256 Mb for a single die, for example,
two serial flash memory die of the same type have been
stacked to achieve a 512 Mb (2x256 Mb) device, and four
serial flash memory die of the same type have been stacked to
achieve a 1 Gb (4x256 Mb) device.

Moreover, flash memory die of different types has been
stacked to achieve a single memory device having different
characteristics. Flash memory typically is NOR-type or
NAND-type. In NOR-type flash memory, each memory cell
is connected between a bit line and ground. The typical char-
acteristics of NOR flash are low density, high read speed, slow
write speed, slow erase speed, and random access. Since
NOR flash has fast random-access memory read, micropro-
cessors generally can use NOR flash memory for fast “code
shadowing to RAM” and “execute in place” applications. In
NAND-type flash memory, a number of memory cells are
connected in series between a bit line and ground. The typical
characteristics of NAND flash are high density, medium read
speed, high page write speed, high erase speed, and an indi-
rect or [/O like access. NAND-type flash memory is particu-
larly well suited to systems requiring high-capacity data stor-
age because of its high speed sequential writing capability
and high density at low cost. Some types of NAND-type flash
memory have been modified to provide sufficient SPI-NOR
like performance in code shadowing applications. Further
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information on the stacking of NOR die and NAND die, and
the stacking of a performance-enhanced NAND die and a
NAND die, are described in United States Patent Application
Publication No. US 2012/0084491 published Apr. 5,2012, in
the name of Eungjoon Park et al.

The techniques to operate a flash memory device having
stacked SPI flash memory die are not entirely satisfactory. In
one stacking approach disclosed in Spansion Inc., Data Sheet,
S70FL256P 256-Mbit CMOS 3.0 Volt Flash Memory with
104-MHz SPI Multi I/O Bus, Revision 05, Jan. 30, 2013, two
identical 128 Mb dies are stacked with their individual /CS
inputs bonded to respective pins of the package to form the
flash memory device. Disadvantageously, the controller is
required to provide and manage multiple /CS control signals.
Moreover, the dedication of two pins of an 8-pin package for
chip select precludes one of the pins needed for the Quad SPI
interface, thereby eliminating Quad SPI in an 8-pin package.

In another stacking approach disclosed in Micron Technol-
ogy Inc., N25Q512A 1.8V, Multiple /O Serial Flash
Memory, September 2013, two dissimilar die are stacked and
from a user standpoint behave as a monolithic device, except
with regard to READ MEMORY and ERASE operations and
status polling. While such a device can operate with a Quad
1/0 SPI protocol in an 8-pin package, the manufacturing costs
tend to be greater due to the complexity of the special design.

BRIEF SUMMARY OF THE INVENTION

What is needed is a single flash memory device solution
that maintains the advantages of SPI flash memory while
providing higher capacity data storage alone with, in some
embodiments, execute-in-place and code shadowing to
RAM. The present invention includes the following illustra-
tive embodiments.

One embodiment of the present invention is a flash
memory device comprising: a first Serial Peripheral Interface
(“SPI”) flash memory die comprising a first die identifier and
a first set of SPI-compliant interface pins; a second SPI flash
memory die comprising a second die identifier and a second
set of SPI-compliant interface pins; and a package containing
the first SPI flash memory die and the second SPI flash
memory die in a stacked arrangement, and having a set of
SPI-compliant package pins coupled in parallel to the first
and second set of SPI-compliant interface pins.

Another embodiment of the present invention is a method
of performing concurrent operations in a Serial Peripheral
Interface (“SPI”) flash memory device having a set of SPI-
compliant device pins which include a chip select pin. A SPI
flash memory device suitable in the method comprises a first
SPI flash memory die having a first die identifier and a first set
of SPI-compliant pins; and a second SPI flash memory die
having a second die identifier and a second set of SPI-com-
pliant pins; the first SPI flash memory die and the second SPI
flash memory die being stacked, and the first and second set of
SPI-compliant pins being coupled in parallel to the SPI-com-
pliant device pins. The method comprises receiving a first
chip select active signal at the chip select pin of the SPI flash
memory device, the first chip select active signal being
applied in parallel to the first SPI flash memory die and the
second SPI flash memory die; and in conjunction with the first
chip select active signal receiving step, executing on the first
and second SPI flash memory devices a first Die Select
instruction specifying a first Die ID to the SPI flash memory
device, to enable the first SPI flash memory die to respond to
a SPI instruction set, and to disable the second SPI flash
memory die from responding to the SPI instruction set while
enabling the second SPI flash memory die to respond to a
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Universal instruction subset, the Universal instruction subset
being a subset of the SPI instruction set and including a Die
Select instruction. The method further comprises receiving a
first chip select inactive signal at the chip select pin of the SPI
flash memory device to terminate execution of the first Die
Select instruction on the first and second SPI flash memory
devices. The method further comprises, while the first SPI
flash memory die is enabled to respond to the SPI instruction
set, receiving a second chip select active signal at the chip
select pin of the SPI flash memory device, the second chip
select active signal being applied in parallel to the first SPI
flash memory die and the second SPI flash memory die; and in
conjunction with the second chip select active signal receiv-
ing step, executing on the first SPI flash memory die a first SPI
instruction other than a Universal instruction and which
entails an internal self-timed operation. The method further
comprises receiving a second chip select inactive signal at the
chip select pin of the SPI flash memory device to terminate
the first SPI instruction on the first SPI flash memory device
without terminating the internal self-timed operation. The
method further comprises receiving a third chip select active
signal at the chip select pin of the SPI flash memory device,
the third chip select active signal being applied in parallel to
the first SPI flash memory die and the second SPI flash
memory die; and in conjunction with the third chip select
active signal receiving step, executing on the first and second
SPI flash memory devices a second Die Select instruction
specifying a second Die ID to the SPI flash memory device, to
enable the second SPI flash memory die to respond to the SPI
instruction set, and to disable the first SPI flash memory die
from responding to the SPI instruction set while enabling the
first SPI flash memory die to respond to the Universal instruc-
tion subset. The method further comprises receiving a third
chip select inactive signal at the chip select pin of the SPI flash
memory device to terminate the second Die Select instruc-
tion. The method further comprises, while the second SPI
flash memory die is enabled to respond to the SPI instruction
set, receiving a fourth chip select active signal at the chip
select pin of the SPI flash memory device, the fourth chip
select active signal being applied in parallel to the first SPI
flash memory die and the second SPI flash memory die; and in
conjunction with the fourth chip select active signal receiving
step, executing on the second SPI flash memory die a second
SPI instruction, concurrently with the internal self-timed
operation executing on the first SPI flash memory die. The
method further comprises receiving a fourth chip select inac-
tive signal at the chip select pin of the SPI flash memory
device to terminate the second SPI instruction.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a schematic block diagram of an illustrative
implementation of a SPI flash memory device having stacked
SPI flash memory die.

FIG. 2 is a schematic block diagram of another illustrative
implementation of a SPI flash memory device having stacked
SPI flash memory die.

FIG. 3 is a schematic block diagram ofa Die Select instruc-
tion.

FIG. 4 is a schematic block diagram of an instruction
sequence for implementing concurrent operations in a SPI
flash memory device having stacked SPI flash memory die.

FIG. 5 is a schematic block diagram of another instruction
sequence for implementing concurrent operations in a SPI
flash memory device having stacked SPI flash memory die.
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FIG. 6 is a flowchart showing operation of a SPI flash
memory die in response to a Die Select instruction.

FIG. 7 is a side plan view of a type of a die stacking
technique which uses spacers between die.

FIG. 8 is a side plan view of a type of a die stacking
technique which uses die staggering.

FIG. 9 is a side plan view of a type of a die stacking
technique which uses different-sized dies.

DETAILED DESCRIPTION OF THE INVENTION,
INCLUDING THE BEST MODE

Any number of Serial Peripheral Interface (“SPI”) flash
memory die may be stacked and packaged using any desired
multi-chip packaging technique to realize any one or combi-
nation of various capabilities such as low per-bit cost, high
density storage, code shadowing to RAM, and fast random
access for “execute in place” applications, while preserving
the advantages of the SPI interface. As used herein, the term
“SPI flash memory die” refers to an integrated circuit die
which includes a flash memory array of any type or types, and
a set of interface pins which conform to the SPI protocol.
During device manufacture, each of the stacked SPI flash
memory die is assigned a unique identifier or “Die ID” rela-
tive to the other stacked SPI flash memory die in the package.
During normal operations, the unique Die IDs are used by a
Die Select instruction to enable one of the stacked SPI flash
memory die to respond to subsequent instructions on the SPI
interface, while disabling the other stacked SPI flash memory
die in the package from responding to subsequent instructions
but for certain “Universal” instructions, which include the
Die Select instruction.

As used herein, the term “pin” refers to an conductive
element used for direct or indirect external electrical contact
to a serial flash memory die, whether a conductive element on
adie such as a bonding pad, a conductive element mounted in
or on a package including recessed contacts, flush contacts,
projecting contacts such as prongs and BGA balls, and so
forth.

As used herein, the term “SPI-compliant pins” refers to a
set of pins which is compliant with the SPI protocol. In
accordance with the SPI protocol, six pins may be config-
urable as single SPI, dual SPI, quad SPI, and Quad Peripheral
Interface (“QPI”) (also known as Serial Quad Interface, or
“SQI™), and including single-bit or multi-bit instruction and/
or address input and single-bit or multi-bit data input and/or
output, although configurability may be limited to any desired
subset of these configurations. The six pins provided may be
chip select /CS, clock CLK, configurable pin DI(1I0,), con-
figurable pin DO(IO,), configurable pin /WP(I10,), and con-
figurable pin /HOLD(IO,). For single-bit SPI operation, the
configurable pins may be configured as instruction/address/
data input DI, data output DO, write protect bar /WP, and hold
bar /HOLD. For dual SPI, the configurable pins may be con-
figured as input/output 100, input/output 101, write protect
bar /WP, and hold bar /HOLD. For quad SPI and QPI, the
configurable pins may be configured as input/output 100,
input/output 101, input/output 102, and input/output 103.

Operations which do not entail conflicting bus accesses
may be executed concurrently on different SPI flash memory
die. Many operations are initiated by instructions (opcodes
with or without addresses) input over the SPI bus, but there-
after proceed as self-timed operations under control of an
internal control circuit, and may be from milliseconds to
seconds in duration. Examples of such operations include
Memory Array Program, Erase, Write Status Registers, and
Program/Frase Security Registers. The execution of these
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instructions involves internal operations which do not entail
any bus access, so these operations are suitable for running
concurrently with other similar operations as well operations
which do require bus access. Examples of operations which
use the SPI bus even after the instruction is issued to commu-
nicate data include memory array read, status read, device ID
read, SFDP read, security register read, cache load (NAND),
and the initial part of memory program (NOR).

The stacked SPI flash memory die may all be of the same
type to achieve a higher memory density. FIG. 1 shows an SPI
flash memory device 10 which includes four stacked SPI-
NOR flash memory die 11,12, 13 and 14 of the same type. An
example of a suitable type of SPI-NOR flash memory die is
the type used in product number W25Q256FV by Winbond
Electronics Corporation of Hsinchu, Taiwan, R.O.C.; see
Winbond Electronics Corporation, W25Q256FV: spiflash 3V
256M-Bit Serial Flash Memory with Dual/Quad SPI & QPI,
Revision F, Hsinchu, Taiwan, R.O.C., Oct. 16, 2013, which
hereby is incorporated herein in its entirety by reference
thereto, and which may be suitably modified to include a Die
1D and a command and control logic modified to process the
Die Select instruction. Other types of SPI flash memory die
may be used, such as four stacked SPI-NAND flash memory
die such as the type used in product number W25NO1GV by
Winbond Electronics Corporation of Hsinchu, Taiwan,
R.0.C.; see Winbond Electronics Corporation, W25NO1GV:
spiflash 3V 1 G-Bit Serial SLC NAND Flash Memory with
Dual/Quad SPI & Continuous Read, Preliminary—Revision
B, Hsinchu, Taiwan, R.O.C., Nov. 26, 2013, which hereby is
incorporated herein in its entirety by reference thereto, and
which may be suitably modified to include a Die ID and a
command and control logic modified to process the Die
Select instruction. Other types of SPI-NOR and SPI-NAND
flash memory die may be used, as desired. While four stacked
die are shown in FIG. 1, as few as two SPI flash memory die
may be stacked to advantage, and more generally, any number
may be used. While using a power of two may be convenient,
the number of SPI flash memory die need not be to the power
of two.

Each of the SPI flash memory die 11, 12, 13 and 14 is an
SPI protocol flash memory die having six interface pins con-
forming to the SPI protocol in addition to two pins for power
(“VCC”) and ground (“GND”) respectively, for a total of
eight pins.

The stacked die need not be all of the same type, but instead
may be selected for their different capabilities and character-
istics so that the stacked memory device may offer combina-
tions of capabilities that are particularly suitable for certain
applications. FIG. 2 shows a SPI flash memory device 20
which includes a SPI-NOR flash memory die 21, which is
particularly suitable for code applications such as execute-in-
place and code shadowing, stacked along with three SPI-
NAND flash memory die 22, 23 and 24, which are particu-
larly suitable for data storage and in combination offer very
high density. The SPI flash memory die 21, 22, 23 and 24
include respective Die IDs and modified command and con-
trol logic for responding to the Die Select instruction. If more
fast random access memory is desired, two SPI-NOR flash
memory die may be stacked with two SPI-NAND flash
memory die, or additional SPI-NOR flash memory die may be
added to the stack. A SPI-NAND flash memory die (not
shown) suitably optimized for code storage applications may
be substituted for the SPI-NOR flash memory die 21. A suit-
able SPI-NAND flash memory is described in, for example,
US Patent Application Publication No. US 2012/0084491
published Apr. 5, 2012 in the name of Eungjoon Park et al.,
which hereby is incorporated herein in its entirety by refer-
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6

ence thereto. The size of the memory arrays in the various die
may be identical or different, or some may be identical and
others different. In the device shown in FIG. 2, for example,
the SPI NOR flash memory die 21 need not be large; illustra-
tively 16-32 Mb may suffice for many common XIP and code
shadowing applications, while the SPI NAND flash memory
die may each be quite large, illustratively 1 Gb, to provide
ample data storage for many common applications. These
values are merely illustrative, and may increase as fabrication
technology continues to evolve.

Each of the SPI flash memory die 21, 22, 23 and 24 is an
SPI protocol flash memory die having six interface pins con-
forming to the SPI protocol, and two pins for power (“VCC”)
and ground (“GND”) respectively, for a total of eight pins.

SPI flash memory devices using stacked SPI flash memory
die may provide any one or any combination of two or more
of the following benefits, possibly along with other benefits:
(a) a single physical /CS pin for multiple stacked SPI flash
memory die; (b) eight-pin package capable of implementing
all SPI protocols, including the Quad SPI protocol; (¢) con-
current execution of some SPI operations; (d) only minor
modification of existing SPI flash memory die designs is
needed; (e) conventional multi-chip packaging techniques are
suitable; and (f) heterogeneous SPI flash memory die may be
stacked to achieve multiple capabilities and performance
goals.

The SPI flash memory device using stacked SPI flash
memory die may be made compatible with traditional flash
memory instruction sets, augmented by a “Die Select”
instruction. [llustratively, as shown in FIG. 3, the Die Select
instruction may be a two byte instruction such as a C2 hex
opcode followed by an eight bit Die ID. While the number of
bits needed depends on the maximum number of die that may
be stacked within supported SPI flash memory devices, and
while two bits are sufficient for up to four stacked die, eight
bits are reserved for the Die ID so that the Die ID may end on
a byte boundary as is customary for memory instructions.

The Die Select instruction functions in the following man-
ner to select any individual SPI flash memory die in a multi-
die stacked package. The Die Select instruction is issued by a
controller (not shown) to the SPI flash memory device along
with the unique Die ID of'the particular die to which access is
desired. All of the stacked die process the Die Select instruc-
tion. The die whose die identifier matches the Die ID argu-
ment of the Die Select instruction is enabled to respond to the
entire SPI instruction set. The other die whose die identifier(s)
do not match the Die ID argument of the Die Select instruc-
tion are enabled to respond to a subset of the SPI instruction
set referred to herein as the Universal instruction subset,
being otherwise made nonresponsive to the SPI instruction
set. If support for concurrent operations is desired, the SPI
command and control logic of the non-selected die may con-
tinue to execute any internal operation currently in progress.
This capability may be designed into the SPI command and
control logic of each of the stacked SPI flash memory die.

FIG. 4 and FIG. 5 are examples of one type of concurrent
operation, namely concurrent erase and read. For clarity, vari-
ous other signals commonly used during instruction
sequences are omitted. Such signals include the /CS signal,
which illustratively transitions low before each instruction to
select the device and transitions high to complete the instruc-
tion while permitting internal erase, program, and write status
register cycles to complete. The /CS signal may be used in this
manner with the Die Select instruction.

The illustrative instruction sequence of FIG. 4 begins with
aDie Selectopcode (“DS”) followed by Die ID 0 followed by
an Erase opcode (“ER”), illustratively a Chip Erase instruc-
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tion, which causes Die 0 to execute an internal self-timed
erase operation upon transition of /CS from low to high. Next
in the instruction sequence is a Die Select opcode (“DS”)
followed by Die ID 1 followed by a Read opcode (“RD”) and
any associated address bits “ADR” and dummy bits “DMY,”
which causes Die 1 to execute a read operation. The read
operationillustratively is preceded by a transition of /CS from
high to low, and completes upon transition of /CS from low to
high. In this example, the read operation is longer in duration
than the erase operation. Next in the instruction sequence is a
Die Select opcode (“DS”) followed by Die ID 0 followed by
aRead Status Register # opcode (“RSR”) for checking data in
a status register, such as the BUSY bit SO in Status Register
1, to determine whether the erase operation has completed.
The BUSY bit illustratively is a read-only bit thatis setto a 1
state when the SPI flash memory die is executing an internal
erase, program, or write status register cycle. While some
controllers use a timer to make this determination, in this
example the Read Status Register opcode is used. Die 0
responds with Data from the status register to indicate that the
erase operation is no longer being executed and Die 0 is ready
for other operations.

The illustrative instruction sequence of FI1G. 5 begins with
aDie Selectopcode (“DS”) followed by Die ID 0 followed by
an Erase opcode (“ER”), illustratively a Chip Erase instruc-
tion, which causes Die 0 to execute an internal self-timed
erase operation upon transition of /CS from low to high. Next
in the instruction sequence is a Die Select opcode (“DS”)
followed by Die ID 1 followed by a Read opcode (“RD”) and
any associated address bits “ADR” and dummy bits “DMY,”
which causes Die 1 to execute a read operation. The read
operationillustratively is preceded by a transition of /CS from
high to low, and completes upon transition of /CS from low to
high. In this example, the read operation is shorter in duration
than the erase operation and completes before the erase opera-
tion completes. Next in the instruction sequence is a Die
Select opcode (“DS”) followed by Die ID 0 followed by a
Read Status Register opcode (“RSR”) for checking data in a
status register, such as the BUSY bit SO in Status Register 1,
to determine whether the erase operation has completed. Die
0 is responsive to the Die Select instruction and becomes the
selected die, even though an internal erase operation is still
executing. Die 0 responds with Data from the status register to
indicate that the erase operation is still executing. Next in the
instruction sequence is another Read Status Register opcode
(“RSR”) for again checking data in the status register. This
time Die 0 responds with Data from the status register to
indicate that the erase operation is no longer being executed
and Die 0 is ready for other operations.

FIG. 6 is a flowchart 60 showing the processing by the
command and control logic of the Die Select instruction.
Receipt of the Die Select instruction does not disturb any
internal self-timed operation that is in progress (block 61).
Upon receipt of the Die Select instruction, the Die ID of the
SPI flash memory die is compared to the Die ID provided in
the Die Select instruction (block 62). If a match is detected,
the SPI flash memory die is placed into, or remains in, the full
SPI instruction execution mode (block 64), which is the stan-
dard mode in which the die is responsive to all of the instruc-
tions in the full SPI instruction set. If a match is not detected,
the SPI flash memory die is placed into, or remains in, the
Universal instruction execution mode (block 66). The Uni-
versal instruction execution mode is a new mode in which the
SPI flash memory die is responsive to Universal instructions.
As used herein, the term “Universal instructions” refers to a
subset of the SPI instruction set to which a SPI flash memory
die should be responsive regardless of whether the die is
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enabled for responding to the full SPI instruction set, and
includes the Die Select instruction and some standard instruc-
tions such as Device Reset. The command and control logic
may be implemented in any desired manner, such as in hard-
ware, firmware, software, as a state machine, any combina-
tion of the foregoing, or in any other manner.

Many different types of concurrent operations are possible
using stacked SPI flash memory die. Due to the time required
for an internal erase, program and write operations in flash
memory, the ability to have the stacked SPI flash memory die
respectively executing different instructions may advanta-
geously increase data throughput during normal operation
and facilitate efficient “code-downloading” during system
manufacturing. Particularly useful examples of concurrent
operations are “Read while Write” (status register writes,
whether 0 to 1 or 1 to 0), “Read while Program/Erase” (ex-
cluding the data transfer portion of the SPI-NOR Program
instruction), and “Multi-die Program/Frase” (excluding the
data transfer portion of the SPI-NOR Program instruction).
While two concurrent operations are described herein for
purposes of illustration, the number of current operations may
be as great as the number of stacked SPI flash memory die.
Each of the stacked SPI flash memory die may be enabled
separately by the Die Select instruction and execute a status
register read to check its status, illustratively whether it is
busy performing a write, program or erase operation and
unable to accept new instructions, or is available to accept
new instructions.

At power up, and if desired, one particular die, illustra-
tively the die having the Die ID of “00,” may by default be
designated as the active die. Prior to normal operations, Serial
Flash Discoverable Parameters (“SFDP”) instruction may be
used to identify whether the SPI flash memory device has
stacked die and the software “Die Select” feature. A vendor-
specific SFDP header may be appended to the main SFDP
table for this purpose.

The unique die identifiers illustratively are assigned during
the manufacturing process using any desired technique. One
illustrative technique involves providing a desired number of
Die ID bits in a register, and pre-programming those bits as
part of the manufacturing process and prior to stacking. This
technique advantageously has essentially no space penalty
since the register bits are small. However, if this technique is
used, care should be taken while selecting die for stacking to
ensure that the pre-programmed Die ID bits of the selected die
are all unique to the stack and in proper sequence. Another
illustrative technique involves providing each of the SPI flash
memory die with Die ID pins, illustratively bonding pads, and
illustratively wire-bonding these pads to VCC or GND as
appropriate to establish unique Die IDs for the SPI flash
memory die in the stack. Where Die ID register bits are
provided, the Die ID pins may be used as logical inputs to the
Die ID register bits through respective transfer gates. Advan-
tageously, the risk of error in assigning the Die IDs when
using bonding pads is low, although the Die ID pins impose a
space penalty, especially if they are bonding pads.

While stacked SPI flash memory die may be placed in
packages which have more than eight pins, and while the
techniques described in this patent document may be com-
bined with other techniques which make use of some or all of
the additional pins, advantageously the techniques described
herein enable the stacking of numerous SPI flash memory die
within a simple and very small footprint eight pin package.
Eight-pin packages such as Small Outline Integrated Circuit
(“SOIC”) type and the Very Very Thin Small Outline No Lead
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(“WSON”) type remain popular choices for serial flash
memory devices due to their small footprint in a system
printed circuit board layout.

FIG. 7 is aside plan view of an illustrative eight-pin WSON
type SPI flash memory device 70 which contains two stacked
SPI flash memory die 72 and 74 within a package body 71.
While any suitable stacking technique may be used, the SPI
flash memory device 70 uses a spacer body 73 to ensure
adequate spacing between the bottom of the SPI flash
memory die 72 and the wires and wire bonds (illustratively
wires 83 and 84 and associate wire bonds) at the top of the SPI
flash memory die 74. The spacer body may be of any suitable
type, illustrative either a solid body of material with top and
bottom adhesive faces, or a thick application of a viscous
cement or other bonding material. The SPI flash memory die
74 is attached to a thermal pad 76 using any suitable tech-
nique, illustratively a cement 75 or other bonding material.
The SPI flash memory die 72 is wire-bonded to various leads
of'a lead frame (wires 81, 82, 83 and 84 and associated wire
bonds being illustrative). Various leads of the lead frame are
exposed through the package body 71 (areas 77 and 78 being
illustrative) to provide pads for connection to external cir-
cuitry.

FIG. 8 is aside plan view of an illustrative eight-pin WSON
type SPI flash memory device 90 which contains two stacked
SPI flash memory die 92 and 94 within a package body 91.
The SPI flash memory device 90 uses a die offset technique to
avoid interference between the bottom of the SPI flash
memory die 92 and the wires and wire bonds (illustratively
wire 99 and associated wire bond) at the top of the SPI flash
memory die 94. The SPI flash memory die 92 and 94 are
secured in the stack using any suitable material 93, illustra-
tively a cement or a solid body of material with top and
bottom adhesive faces. The SPI flash memory die 94 is
attached to a thermal pad 96 using any suitable technique,
illustratively a cement 95 or other bonding material. The SPI
flash memory die 92 and 94 are wire-bonded to various leads
of a lead frame (wires 98 and 99 and associated wire bonds
being illustrative). Various leads of the lead frame are exposed
through the package body 91 (area 97 being illustrative) to
provide pads for connection to external circuitry.

FIG.9is aside plan view of an illustrative eight-pin WSON
type SPI flash memory device 100 which contains two
stacked SPI flash memory die 102 and 104 within a package
body 101. While any suitable stacking technique may be
used, the SPI flash memory device 100 uses die of different
size or shape to avoid interference between the bottom of the
SPI flash memory die 102 and the wires and wire bonds
(illustratively wires 113 and 114 and associated wire bonds)
at the top of the SPI flash memory die 104. The SPI flash
memory die 102 and 104 are secured in the stack using any
suitable material 103, illustratively a cement or a solid body
of material with top and bottom adhesive faces. The SPI flash
memory die 104 is attached to a thermal pad 106 using any
suitable technique, illustratively a cement 105 or other bond-
ing material. The SPI flash memory die 102 and 104 are
wire-bonded to various leads of a lead frame (wires 111, 112,
113 and 114 and associated wire bonds being illustrative).
Various leads of the lead frame are exposed through the
package body 101 (areas 107 and 108 being illustrative) to
provide pads for connection to external circuitry.

The stacking techniques described herein and other stack-
ing techniques are not necessarily mutually exclusive, and
two or more such techniques may be used to manufacture any
particular stack. Various stacking techniques are widely dis-
closed in the art; see, for example, US Patent Application
Publication No. US 2011/0195529 published Aug. 11, 2011
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in the name of Wu, which hereby is incorporated herein in its
entirety by reference thereto. Although wire bonds are shown
in FIGS. 7-9, any other suitable wiring technique between die
and with the package pins, such as vias, for example, may be
used instead of or in combination with wire bonds.

The description of the invention including its applications
and advantages as set forth herein is illustrative and is not
intended to limit the scope of the invention, which is set forth
in the claims. Variations and modifications of the embodi-
ments disclosed herein are possible, and practical alternatives
to and equivalents of the various elements of the embodi-
ments would be understood to those of ordinary skill in the art
upon study of'this patent document. Moreover, specific values
given herein are illustrative, and may be varied as desired.
These and other variations and modifications of the embodi-
ments disclosed herein, including of the alternatives and
equivalents of the various elements of the embodiments, may
be made without departing from the scope and spirit of the
invention, including the invention as set forth in the following
claims.

The invention claimed is:

1. A flash memory device comprising:

a first Serial Peripheral Interface (“SPI”) flash memory die
comprising a first die identifier and a first set of SPI-
compliant interface pins;

a second SPI flash memory die comprising a second die
identifier and a second set of SPI-compliant interface
pins; and

apackage containing the first SPI flash memory die and the
second SPI flash memory die in a stacked arrangement,
and having a set of SPI-compliant package pins coupled
in parallel to the first and second set of SPI-compliant
interface pins.

2. The flash memory device of claim 1 wherein:

the first SPI flash memory die comprises a first command
and control logic configured to enable the first SPI flash
memory die to be responsive to an SPI instruction set in
response to a die select instruction specifying the first
die identifier, to disable the first SPI flash memory die
from being responsive to the SPI instruction set in
response to a die select instruction not specifying the
first die identifier, and to enable the first SPI flash
memory die to be responsive to a Universal instruction
subset of the SPI instruction set in response to a die
select instruction not specifying the first die identifier;
and

the second SPI flash memory die comprises a second com-
mand and control logic configured to enable the second
SPI flash memory die to be responsive to the SP instruc-
tion set in response to a die select instruction specifying
the second die identifier, to disable the second SPI flash
memory die from being responsive to the SPI instruction
set in response to a die select instruction not specifying
the second die identifier, and to enable the second SPI
flash memory die to be responsive to the Universal
instruction subset of the SPI instruction set in response
to a die select instruction not specifying the second die
identifier.

3. The flash memory device of claim 2 further comprising:

aplurality of first register bits on the first SPI flash memory
die configured to store the first die identifier, the first
command and control logic being coupled to the first
register bits; and

a plurality of second register bits on the second SPI flash
memory die configured to store the second die identifier,
the second command and control logic being coupled to
the second register bits.
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4. The flash memory device of claim 1 wherein:

the first set of SPI-compliant interface pins consists of a
first chip select /CS pin, a first clock CLK pin, a first
configurable DI(IO,) pin, a first configurable DO(IO,)
pin, a first configurable /WP(IO,) pin, and a first config-
urable /HOLD(IO;) pin;

the second set of SPI-compliant interface pins consists of a
second chip select /CS pin, a second clock CLK pin, a
second configurable DI(IO,) pin, a second configurable
DO(10,) pin, a second configurable /WP(10,) pin, and a
second configurable /HOLD(10;) pin; and

the set of SPI-compliant package pins consists of a third
chip select /CS pin connected to the first and second chip
select /CS pins, a third clock CLK pin connected to the
first and second clock CLK pins, a third configurable
DI(IO,) pin connected to the first and second config-
urable DI(IO,) pins, a third configurable DO(IO, ) pin
connected to the first and second configurable DO(IO, )
pins, a third configurable /WP(I1O,) pin connected to the
first and second configurable /WP(I0,) pins, and a third
configurable /HOLD(IO,) pin connected to the first and
second configurable /HOLD(1O;) pins.

5. The flash memory device of claim 1 wherein:

the first SP1 flash memory die further comprises at least one
die identifier pin coupled to ground to at least partially
establish the first die identifier; and

the second SPI flash memory die further comprises at least
one die identifier pin coupled to power to at least par-
tially establish the second die identifier.

6. The flash memory device of claim 3 wherein:

the first SP1 flash memory die further comprises at least one
first transfer gate and at least one first die identifier pin
coupled to at least one of the first register bits through the
first transfer gate to at least partially establish the first die
identifier; and

the second SPI flash memory die further comprises at least
one second transfer gate and at least one second die
identifier pin coupled to at least one of the second reg-
ister bits through the second transfer gate to at least
partially establish the second die identifier.

7. The flash memory device of claim 6 wherein:

the first die identifier pin is coupled to ground; and

the second die identifier pin is coupled to power.

8. The flash memory device of claim 1 further comprising:

a third SPI flash memory die comprising a third die iden-
tifier and a third set of SPI-compliant interface pins; and

a fourth SPI flash memory die comprising a fourth die
identifier and a fourth set of SPI-compliant interface
pins;

wherein the package further contains the third SPI flash
memory die and the fourth SPI flash memory die in a
stacked arrangement with the first SPI flash memory die
and the second SPI flash memory die; and

wherein the set of SPI package pins is coupled in parallel to
the first, second, third and fourth sets of SPI-compliant
interface pins.

9. The flash memory device of claim 8 wherein:

the first SPI flash memory die further comprises two die
identifier pins coupled to ground to establish the first die
identifier;

the second SPI flash memory die further comprises two die
identifier pins respectively coupled to ground and power
to establish the second die identifier;

the third SPI flash memory die further comprises two die
identifier pins respectively coupled to power and ground
to establish the third die identifier; and
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the fourth SPI flash memory die further comprises two die
identifier pins coupled to power to establish the fourth
die identifier.

10. The flash memory device of claim 1 wherein:

the first SPI flash memory die comprises SPI-NOR flash

memory; and

the second SPI flash memory die comprises SPI-NOR flash

memory.

11. The flash memory device of claim 1 wherein:

the first SPI flash memory die comprises SPI-NAND flash

memory; and

the second SPI flash memory die comprises SPI-NAND

flash memory.

12. The flash memory device of claim 1 wherein:

the first SPI flash memory die comprises SPI-NOR flash

memory; and

the second SPI flash memory die comprises SPI-NAND

flash memory.
13. A method of performing concurrent operations in a
Serial Peripheral Interface (“SPI”) flash memory device hav-
ing a set of SPI-compliant device pins which include a chip
select pin, the method comprising:
receiving a first chip select active signal at the chip select
pin of the SPI flash memory device, wherein the SPI
flash memory device comprises:
a first SPI flash memory die having a first die identifier
and a first set of SPI-compliant pins; and
a second SPI flash memory die having a second die
identifier and a second set of SPI-compliant pins;
the first SPI flash memory die and the second SPI flash
memory die being stacked, and the first and second set
of SPI-compliant pins being coupled in parallel to the
SPI-compliant device pins; and
the first chip select active signal being applied in parallel
to the first SPI flash memory die and the second SPI
flash memory die;
in conjunction with the first chip select active signal receiv-
ing step, executing on the first and second SPI flash
memory dies a first Die Select instruction specifying a
first Die ID to the SPI flash memory device, to enable the
first SPI flash memory die to respond to a SPI instruction
set, and to disable the second SPI flash memory die from
responding to the SPI instruction set while enabling the
second SPI flash memory die to respond to a Universal
instruction subset, the Universal instruction subset being
a subset of the SPI instruction set and including a Die
Select instruction;

receiving a first chip select inactive signal at the chip select
pin of the SPI flash memory device to terminate execu-
tion of the first Die Select instruction on the first and
second SPI flash memory dies;

while the first SPI flash memory die is enabled to respond

to the SPI instruction set, receiving a second chip select
active signal at the chip select pin of the SPI flash
memory device, the second chip select active signal
being applied in parallel to the first SPI flash memory die
and the second SPI flash memory die;

in conjunction with the second chip select active signal

receiving step, executing on the first SPI flash memory
die a first SPI instruction other than a Universal instruc-
tion and which entails an internal self-timed operation;
receiving a second chip select inactive signal at the chip
select pin of the SPI flash memory device to terminate
the first SPI instruction on the first SPI flash memory die
without terminating the internal self-timed operation;
receiving a third chip select active signal at the chip select
pin of the SPI flash memory device, the third chip select
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active signal being applied in parallel to the first SPI
flash memory die and the second SPI flash memory die;

in conjunction with the third chip select active signal
receiving step, executing on the first and second SPI
flash memory dies a second Die Select instruction speci-
fying a second Die ID to the SPI flash memory device, to
enablethe second SPI flash memory die to respond to the
SPI instruction set, and to disable the first SPI flash
memory die from responding to the SPI instruction set
while enabling the first SPI flash memory die to respond
to the Universal instruction subset;

receiving a third chip select inactive signal at the chip select
pin of the SPI flash memory device to terminate the
second Die Select instruction;

while the second SPI flash memory die is enabled to
respond to the SPI instruction set, receiving a fourth chip
select active signal at the chip select pin of the SPI flash
memory device, the fourth chip select active signal being
applied in parallel to the first SPI flash memory die and
the second SPI flash memory die;

in conjunction with the fourth chip select active signal
receiving step, executing on the second SPI flash
memory die a second SPI instruction, concurrently with
the internal self-timed operation executing on the first
SPI flash memory die; and

receiving a fourth chip select inactive signal at the chip
select pin of the SPI flash memory device to terminate
the second SPI instruction.
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